Abstract: Cytochrome P450 monooxygenases are potentially a very useful class of hydroxylation catalysts; they are able to introduce oxygen at activated and nonactivated carbon-hydrogen bonds and thus lead to regio-and/or stereochemically pure compounds. However, this potential is lowered by their intrinsic low activity and inherent instability. P450-catalysed biotransformations require a constant supply of NAD(P)H, making the process an expensive one. To render these catalysts more suitable for industrial biocatalysis, the immobilisation of P450 BM-3 (CYP 102A1)
Introduction
Cytochromes P450 (CYPs) are heme-containing enzymes catalysing a broad range of monooxygenation reactions in catabolic and anabolic pathways. [1] Several groups have recently started to investigate cytochrome P450 monooxygenases for their pontential use in biotransformations. [2, 3] CYP P450s catalyse the hydroxylation of a wide range of hydrophobic compounds at activated and non-activated carbons.
Thereby, one oxygen atom of O 2 is transferred to the substrate. The other oxygen atom is reduced to H 2 O with the simultaneous oxidation of nicotinamide adenine dinucleotide (phosphate) (NAD(P)H). These hydroxylations are in most cases regioand stereospecific. As regio-and stereospecific oxidation of aliphatic carbons is a reaction which is difficult to perform by means of classical organic synthesis, the biocatalysis by monooxygenases is a promising option, especially with regard to fine chemistry.
P450 BM-3, which was originally cloned from Bacillus megaterium, is a 119 kDa natural fusion protein composed of a heme-containing monooxygenase domain and an FAD-and FMN-containing reductase domain. [4, 5] This multi-domain architecture renders P450 BM-3 catalytically self-sufficient in terms of electron transfer from the cofactor NADPH to the heme iron. The turnover frequencies determined for P450
BM-3 (>1000 min -1 ) are, to date, among the highest reported for a P450 monooxygenase. [6] The natural substrates of P450 BM-3 are long chain fatty acids (C 12 to C 20 ), which are exclusively hydroxylated at the subterminal positions ω-1, ω-2 and ω-3, partially with high enantioselectivity. [6, 7] P450 BM-3 has frequently been investigated using rational protein design and/or directed evolution aimed at developing a more suitable catalyst. Artificial mutants of P450 BM-3 also hydroxylate non-natural substrates like short-chain fatty acids (C 8 to C 10 ), [8, 9] indole, [10] polycyclic aromatic hydrocarbons, [11] alkanes [2, 12] and styrenes. [13] The immobilisation of enzymes has proved very useful in in vitro biotransformations as this leads to enhanced operational and storage stability [14] and simple product separation. To date, this subject has received very little attention. [15] [16] [17] Therefore, the immobilisation of two P450 BM-3 mutants was examined on a broad variety of common immobilisation matrices. The best result was achieved by encapsulation of the enzyme in a sol-gel matrix derived from tetraethoxyorthosilicate (TEOS). [18] This approach resulted in a biocatalyst that revealed long-term activity when immobilised on the matrix.
A key problem preventing the use of P450s in biotechnology is the supply of electrons to the heme iron. In vivo, the electrons are supplied by NAD(P)H, which is however far too expensive to be used in technical applications. [19] In addition, the use of whole cells in industrial transformation reactions is impeded by the complicated recovery of the products, even though considerable progress has been made in the field of in situ product-removal techniques. [20] Therefore, an in vitro reaction process would be highly desirable if a cost efficient way of supplying electrons to the heme iron can be found. The use of electron mediators [25] , direct electron supply from electrodes [26, 27] as well as enzymatic [15, 17] and organometallic [28] approaches have been suggested as sources of the required reduction equivalents.
In our report we suggest an enzymatic cofactor recycling system based on NAD + - Figure 1 ). [29, 30] 
Results and discussion

Immobilisation of P450 BM-3
To our knowledge, to date no systematic investigation on immobilisation of bacterial P450 monooxygenases has been published.
The immobilisation procedure involved the highly purified BM-3 mutant A74G, F87V, L188Q which hydroxylates a broad range of substrates. [12] [22] MP1000 [23] PhenylSepharose [24] Octyl-
Sepharose
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According to Taylor et al. a bacterial P450 can be immobilised on anion exchange materials. [17] The electrostatic interactions built up by anion exchangers like DEAE and SuperQ renders them quite suitable for the immobilisation of the negatively charged protein. In our investigations this could also be achieved with P450 BM-3.
However, as expected, the products of 10-pNCA oxidation and other hydroxylation reactions (data not shown) were also adsorbed to the matrix. This renders DEAE and SuperQ unsuitable for our purposes. In addition, washes with higher ionic strength of course leached the enzyme from the carrier.
A variety of further matrices were tested using the respective standard immobilisation protocols (Table 1) . Immobilisation procedures based on hydrophobic interactions proved unsuitable for efficient immobilisation of P450 BM-3, as judged from the throughout negative results obtained with EP100 and MP1000
(polypropylene derivates), phenyl-, octyl-and butylsepharose. Also, the enzyme was virtually unable to adsorb on celite, a porous silicate matrix derived from diatomaceous soil. The covalent attachment to Eupergit, an oxirane-functionalised polymer, worked for many proteins, [31] but not for active P450 BM-3.
Sol-gel entrapment was shown to be suitable for a broad range of labile biological macromolecules, [18] but to date no P450 monooxygenase was immobilised in this kind of matrix. Therefore, the encapsulation of the monooxygenase in a sol-gel matrix derived from TEOS was assayed. First tests were carried out using a slightly modified version of the protocol proposed by Shtelzer and co-workers. [32] Monooxygenase activity was observed indicating entrapment of P450 BM-3 (up to A large amount of ethanol, which is expected to inactivate P450 BM-3, [33] is released during the sol-gel formation. Remarkably, we did not observe loss of the enzymes' activity.
Activity and Stability of Sol-gel Immobilised P450 BM-3 A74G, F87V,
L188Q
The oxidation of p-nitrophenoxydecanoic acid (10-pNCA) was chosen as a model reaction, because it allows the simple photometrical measurement of pnitrophenolate which is produced during the reaction. [34] Upon its addition to the reaction mixtures, the immobilised enzyme forms a turbid suspension. Therefore, direct kinetic measurement is not feasible for determining the activity of encapsulated P450 BM-3. To circumvent this, the activity of sol-gel immobilised P450 BM-3 was assayed by incubating all the components of the standard pNCA-assay with the respective immobilised enzyme preparations.
Subsequent centrifugation separated the yellow reaction product, p-nitrophenolate, from the immobilised catalyst. The absorption of the supernatant was measured at 410 nm. Values displayed in this and the following figures originate from measurements made at least three times. Standard deviations were determined to be lower than 5% in all cases. These standard deviations are given as error bars for the individual data points. All curves shown in this work were generated by least-squares fitting of the experimental data points.
Investigations on long-term storage stability revealed advantages of the immobilised form of P450 BM-3. At 4°C, no loss of activity was observed during a period of 36 days. In contrast, the free enzyme has a half-life of only 26 days when stored in 50 mM KPi. The dissolved enzyme could be stabilised by addition of 50% glycerol ( Figure 3 ). According to Figure 3 , the half-life of sol-gel immobilised P450 BM-3 is even longer than that of the glycerol-stabilised one. Estimates of half-lives were calculated assuming a first order exponential decay of enzymatic activity. ((Insert Figure 4 here:))
The immobilised enzyme was remarkably stable also at 25°C. Half-lives of 29 days for the immobilised enzyme, 2 days for the enzyme dissolved in 50 mM KPi and 5 days for the enzyme dissolved in 50 mM KPi with 50% glycerol added were found ( Figure 4 ). The stability of the immobilised enzyme at 25°C is crucial for its application in a future P450 BM-3 bioreactor, because the enzyme is most active in this temperature range (see next section).
To determine the activity of the immobilised P450 BM-3 as a function of temperature, the reaction was studied at temperatures ranging from 4°C to 50°C ( Figure 5 ). Both, the free and immobilised enzymes performed best at about 25°C.
Below 20°C the immobilised enzyme was less active than P450 BM-3 in solution, which is probably due to restricted diffusion. On the other hand, sol-gel immobilised P450 BM-3 seems to retain its activity better at temperatures above 30°C.
((Insert Figure 5 here:))
Influence of Acetone and DMSO
Solubilisation of the mostly hydrophobic monooxygenase substrates requires at least small amounts of organic solvents. Previous investigations showed that acetone and DMSO are the most suitable solvents for this purpose. [9, 11, 12, 35] Hence the activity of immobilised and free P450 BM-3 was compared using acetone and DMSO. DMSO is the more favourable co-solvent because it has a less deleterious effect on 
BM-3 A74G, F87V, L188Q
To test the general applicability of the immobilisation approach, the hydroxylation of three further substrates beside 10-pNCA was investigated. The conversion of β-ionone into 4-hydroxy-β-ionone [36] (Figure 8 ) by the P450 BM-3 A74E, F87V, P386S mutant was measured as well as the hydroxylation of n-octane and naphthalene by P450 BM-3 A74G, F87V, L188Q. For all these reactions, educts and products were quantified by GC.
The transformation of β-ionone is of great interest to the flavour industry. [37] ((Insert Figure 8 here:)) GC analysis of the reaction products of the heterogeneously catalysed reaction revealed that 83% of β-ionone was converted; reaction product was exclusively 4-hydroxy-β-ionone. Investigations on the enantiomeric excess of 4-hydroxy-β-ionone formed in this reaction are currently in progress.
In the case of naphthalene oxidation, GC analysis of the reaction extract revealed 77% conversion, mainly to 1-naphthol (85%). As minor component (15%) 2-naphthol was detected. These results show similarity to the observations reported by Appel et al. for this reaction with the same P450 BM-3 mutant in solution: In their investigation exclusively 1-naphthol was detected as reaction product. [12] Finally we studied the hydroxylation of n-octane by immobilised P450 BM-3. 79% of the educt was converted. As reaction products the regioisomers 2-, 3-and 4-octanol were identified in molar ratio 1 : 2.1 : 1.6. As for naphthalene, these values correlate to those reported by Appel et al. for the free enzyme. [12] As substrates belonging to diverse substance classes as fatty acids (10-pNCA),
terpenes (β-ionone), aromatics (naphthalene) and n-alkanes (n-octane) are hydroxylated by sol-gel immobilised P450 BM-3 mutants, we conclude that the method described here is applicable to a very broad range of substrates. We suppose, that at least most substances which are substrates of free P450 BM-3 can also be transformed by the sol-gel immobilised enzyme.
Cofactor Recycling with FDH
First we investigated whether dissolved P450 BM-3 and FDH are active in the same buffer. To make sure that only NADPH that is recycled from NADP + is used for the oxidation of 10-pNCA no external NADPH was added to the reaction mixture. A 10-fold excess of 10-pNCA over NADP + leads to a quantitative oxidation reaction within one hour reaction time ( Figure 9 ). Decreasing the NADP + -concentration results in lower reaction speed. In case of a 50-and 100-fold excess of 10-pNCA over NADP + , the reaction rate decreases to 26% and 4.4% of the value obtained with 10-fold excess of 10-pNCA, respectively.
((Insert Figure 9 here:))
Encouraged by this result, sol-gel immobilisation of FDH was examined in two approaches. In the first set of experiments, co-immobilisation of both enzymes simultaneously (P450 BM-3 and FDH) was investigated. In the second set, the two proteins were immobilised separately and then mixed in a ratio of 1:1 (m/m). Coimmobilised enzymes from the first set and the mixture from the second set were used in pNCA-assays, which again contained a 10-fold excess of 10-pNCA over oxidised NADP + . After 3 hours, the co-immobilised enzymes showed a conversion of up to 28% of the 10-pNCA used, whereas the mixture of the separately immobilised enzymes led to 75% conversion of the educt.
This result could be reproduced thrice in repeated batch experiments, indicating the theoretical possibility to design a continuously operated bioreactor based on sol-gel encapsulated P450 BM-3.
Conclusions
The exploitation of P450s in technical applications receives great attention. However, not much is known about using P450 monooxygenases in organic synthesis. [3, 15, 17] Thus, the combination of sol-gel immobilised P450 BM-3 and FDH in repeated batch reactions represents as far as we know the first solid phase example of combining a P450 monooxygenase with a cheap cofactor recycling system. Sol-gel immobilisation of P450 BM-3 facilitates the separation of the biocatalyst from the product and greatly improves the retention of enzymatic stability and activity. Therefore, the approach offers the possibility of designing a P450 bioreactor that can be operated over a long period of time. The use of immobilised FDH in such a system allows the exchange of stoichiometric quantities of expensive NADPH with cheaper NADP + . [38] Combined with the broad substrate spectrum of P450 BM-3, which can certainly be extended further, a step towards the technical application of heme-containing monooxygenases in fine chemical synthesis has been made. The transformation of β-ionone presented here involves the hydroxylation at an activated carbon atom. The possibility to hydroxylate even non-activated carbons is demonstrated in the reactions with n-octane and naphthalene described above. The full potential of the approach will be exploited in stereo-and regioselective hydroxylation reactions at non-activated carbons. Therefore, deeper insights into the suggested system are required and potential improvements are certainly possible, which will also involve the further reduction of NADP + . Experiments on long-term oxidation reactions using the methods described in this paper are currently under way.
This work presents a simple approach to practically useful and stable hydroxylation catalysts based on P450 BM-3.
Experimental Section
Chemicals
All chemical reagents were purchased from Fluka, Aldrich, Sigma or Riedel-de-Haën.
NADPH tetrasodium salt was procured from Jülich Fine Chemicals (Germany). All chemicals used were of analytical grade or higher. 10-pNCA was synthesised as described elsewhere. [34] β-Ionone was procured from Merck, the 4-hydroxy derivate was synthesized according to Broom et al. [39] The substrates β-ionone and 10-pNCA were added to the reaction mixtures as 10 -25 mM stock solutions in DMSO, which were prepared fresh every day. 10mM NADPH and NADP + were dissolved fresh each day in 50 mM KPi pH 8.1 and pH 6.5, respectively. DNA-modifying enzymes were purchased from MBI Fermentas.
Enzymes
Construction of a P450 BM-3 Expression System
The genes encoding P450 BM-3 mutants A74G, F87V, L188Q and A74D, F87V, P386S mutants were amplified from pT-USC1BM-3 [29] and pET22-BM-3mt, respectively, by PCR using primers designed to facilitate cloning into pET28a(+) polypeptide had no effect on the activity of the gene product.
Expression and Purification of P450 BM-3
The first culture (2ml) was inoculated from a single colony into 2 ml Luria-Bertani Purification took advantage of the His 6 -tag, utilising Quiagen Ni-NTA superflow resin. After centrifugation cell lysates were 0.22 µm-filtered and loaded onto the preequilibrated affinity column. The column was subsequently washed with loading buffer, washing buffer A (50 mM KPi, 800 mM NaCl, pH 6.2) and washing buffer B (50 mM KPi, 800 mM NaCl, 250 mM glycine, pH7.5). As in our experiments the standard Ni-NTA eluting agent imidazole led to partial aggregation and inactivation of BM-3, enzyme elution was performed using L-histidine (50 mM KPi, 80 mM Lhistidine, pH 7.5). The purified protein was supplemented with 50% glycerol and stored at -20 °C. Prior to use the buffer was exchanged to 50 mM KPi by ultrafiltration utilising a 50 kDa Amicon membrane. P450 concentrations were measured by CO-difference spectroscopy as previously described, [40] using an extinction coefficient of 91 mM -1 cm -1 for the 450 minus 490 nm peak.
Sol-gel Immobilisation
The The residual P450 BM-3 activity after immobilisation was 50% of the original activity.
Immobilised enzyme preparations were stored at -20°C until required.
FDH was immobilised in the same way as P450 BM-3.
Prior to use, sol-gel immobilised enzymes were ground to a fine powder in order to reduce mass transfer limitation effects in the nanoporous catalyst particles.
Activity Assays with 10-pNCA
All activity measurements were executed at least three times to minimise standard errors.
P450 BM-3 activity assays with the enzyme in solution were performed as previously described by following the kinetics of p-nitrophenolate production at 410 nm. [29] For immobilised enzymes this procedure was modified: 5 mg of sol-gel immobilised P450 BM-3 were incubated with 965 µl 50 mM KPi, 10 µl 25 mM 10-pNCA in DMSO and 25 µl 10 mM NADPH stock solution in a shaker at 1200 rpm. After 1 hour the solid was removed by centrifugation. p-nitrophenolate production was measured by determining the absorption difference at 410 nm of the supernatant against a blank, which was treated exactly as the actual sample except that no P450 BM-3 was encapsulated in the used sol-gel.
When activity of immobilised P450 BM-3 was compared to activity of the enzyme in solution, activity of the free enzyme was assayed as described for the immobilised enzyme, using the same amount of P450 BM-3 in both cases.
The pNCA assay with FDH and P450 BM-3 in solution was executed by adding 2. After centrifugation the supernatant was extracted twice with 4 ml diethyl ether. The combined organic layers were dried with sodium sulfate and concentrated to a volume of 100 µl.
Reaction products and unreacted educts were identified by GC analysis using a Fisons GC 8000 gas chromatograph equipped with a flame ionisation detector (FID) and a 60 m Zebron ZB 1 (polydimethylsiloxane) column. The temperature gradients were as follows: β-Ionone : 1) 90°C for 5 min 2) 90 to 300°C at 10°C/min 3) 300°C for 10 min. Naphthalene: 1) 100°C for 10 min 2) 100 to 140°C at 2°C/min 3) 140 to 250°C at 10°C/min 4) 250°C for 5 min. Octane: 1) 45°C for 8 min 2) 45 to 100°C at 2°C/min 3) 100 to 240°C at 10°C/min. Pure samples of substrates and potential reaction products were available. Equal amounts of these substances dissolved in diethyl ether were applied to the column. From the resulting GC trace the ratio of the peak areas corresponding to the substrates and products were calculated. These ratios were used to determine the molar ratios of substrates and products emerging from the biotransformations. Therefore equal diethyl ether-water partition coefficients for educts and products were assumed. Values displayed in this and the following figures originate from measurements made at least three times. Standard deviations were determined to be lower than 5% in all cases. These standard deviations are given as error bars for the individual data points. All curves shown in this work were generated by least-squares fitting of the experimental data points. 
